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Abstract
We present a combined experimental and computational study of the (110) cross-sectional surface
of Mn δ-doped GaAs samples. We focus our study on three different selected Mn defect configu-
rations not previously studied in details, namely surface interstitial Mn, isolated and in pairs, and
substitutional Mn atoms on cationic sites (MnGa) in the first subsurface layer. The sensitivity of
the STM images to the specific local environment allows to distinguish between Mn interstitials
with nearest neighbor As atoms (IntAs) rather than Ga atoms (IntGa), and to identify the finger-
print of peculiar satellite features around subsurface substitutional Mn. The simulated STM maps
for IntAs, both isolated and in pairs, and MnGa in the first subsurface layer are consistent with
some experimental images hitherto not fully characterized.
PACS numbers: 73.20.-r,73.43.Cd,68.37.Ef
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I. INTRODUCTION
Mn-doped GaAs1,2,3,4 has attracted considerable attention among the diluted magnetic
semiconductors for its possible application in the emerging field of spintronic.5,6,7 Although
other materials such as ferromagnetic metals and alloys, Heusler alloys, or magnetic oxides
seem to be promising candidates for spintronic devices, the diluted magnetic semiconduc-
tors and Mn-doped GaAs in particular are of tremendous interest in that they combine
magnetic and semiconducting properties and allow an easy integration with the well es-
tablished semiconductor technology. Besides possible spintronic applications, characterizing
and understanding the properties of Mn defects in GaAs is a basic research problem which
is still debated.
The growth conditions and techniques affect the solubility of Mn in GaAs, which is in
general rather limited, and its particular defect configurations, thus determining the mag-
netic properties of the samples.8,9,10,11,12 The highest Curie temperature Tc reachable for
Mn-doped GaAs up to few years ago was 110 K,13 rather low for practical technological
purposes. Intense efforts have been pursued in the last years in order to understand the
physics of this material and to improve its quality and efficiency. Out-equilibrium growth
techniques1,5 have enabled to increase the solubility of Mn and the Curie temperature;
post-growth annealing of epitaxial samples at temperatures only slightly above the growth
temperature has been particularly successfull.9,10,14 Nowadays, δ-doping is used as an al-
ternative to the growth of bulk MnxGa1−xAs,15,16 allowing to obtain locally high dopant
concentrations and, remarkably, an important enhancement of Tc, up to about 250 K.
17,18
For further improvements it is essential to investigate the different configurations of Mn
impurities and their effect on the magnetic properties of the system. The most common
and widely studied Mn configuration is substitutional in the cation sites (MnGa), with Mn
acting as a hole-producing acceptor.17 To a less extent, Mn can also occupy interstitial sites,
in particular tetrahedral ones. In such a case, it is expected to strongly modify the magnetic
properties, acting as an electron-producing donor and hence destroying the free holes and
hindering ferromagnetism.19
Interstitials have not been fully characterized up to now, although their existence has been
suggested in different situations.8,9,10,11,14,20,21,22,23,24,25,26 For instance, the enhancement of
the Curie temperature after post-growth annealing has been attributed to the reduction of
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interstitial defects with their out diffusion towards the surface.11 It has been suggested that
interstitial sites are highly mobile and could be immobilized when adjacent to substitutional
MnGa, thus forming compensated pairs with antiferromagnetic coupling.
27 A first identifi-
cation of interstitial Mn dates back to almost fifteen years ago by electron paramagnetic
resonance (EPR).20 Very recently EPR spectra from variously doped and grown samples of
Mn-doped epitaxial GaAs have allowed to identify the presence of ionized Mn interstitials
at concentrations as low as 0.5%, although not providing details about the specific local en-
vironment of the interstitial site.28 Recent X-ray absorption near edge structure (XANES)
and extended x-ray absorption fine structure (EXAFS) spectra in Mn δ-doped GaAs samples
suggest that Mn occupy not only substitutional Ga sites but also interstitial sites, mainly
in case of Be co-doping.29
Cross-sectional Scanning Tunneling Microscopy (XSTM) allows a direct imaging of the
electronic states and can be used to characterize the impurities near the cleavage surface.30
In recent years several XSTM studies of Mn-doped GaAs samples have been performed but
without a complete consensus on the defects characterization.22,31,32,33,34,35,36,37,38 We stress
that most of XSTM studies mainly concern MnxGa1−xAs alloys and have identified mainly
substitutional Mn defects. δ-doped samples have been investigated by Yakunin et al.,35 who
pointed out the advantage that in such samples it is easy to discriminate Mn related defects
from other defects.
From the theoretical point of view, numerical works have been also focused mainly on the
simulation of XSTM images of substitutional impurities on uppermost surface layers.31,33,34,35
A complete and detailed investigation of interstitial impurities as they can appear on the
exposed cleaved surface is still lacking thus preventing the possibility of a comprehensive
interpretation of all the available experimental XSTM images.
Mn δ-doped (001) GaAs samples recently grown at TASC Laboratory in Trieste and
analyzed with XSTM on the (110) cleavage surface have shown several Mn related features
(see Fig. 1). Some of them have already be studied by other groups, like the asymmetric
cross-like (or butterfly-like) structures marked by A in Fig. 1(a), attributed to Mn acceptors
a few atomic layers below the surface.34 Some other features, such those marked by B, or
those of Fig 1(b), have not been yet assigned to specific Mn configurations. In order to
identify the kind of Mn defects that cause them we have performed new density functional
simulation of cross-sectional XSTM images focusing on three selected defect configurations
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not yet fully studied, but whose presence cannot be excluded in real samples. In particular,
we focus our attention on interstitial surface configurations, both individual as well as in
pairs. We have also considered MnGa on the first layer below the surface and compared all
the simulations with the experimental maps.
II. EXPERIMENTAL DETAILS
Mn δ-doped samples were grown by molecular beam epitaxy on GaAs(001) in a facility
which includes a growth chamber for III-V materials and a metallization chamber. After the
growth of a Be doped buffer at 590oC and of an undoped GaAs layer 50 nm thick at 450oC
with an As/Ga beam pressure ratio of 15, the samples were transferred in the metallization
chamber where a submonolayer-thick Mn layer was deposited at room temperature at the
rate of 0.003 monolayer/s. An undoped GaAs cap layer was subsequently grown at 450oC.
This procedure was repeated in order to have three δ-doped Mn layer of 0.01, 0.05 and 0.2
monolayers in the same sample. During the transfers and the Mn deposition the vacuum
was always better than 2×10−8 Pa. The 0.1 mm thick wafers containing the Mn layers were
cleaved in situ in a ultra high vacuum STM system immediately prior to image acquisition
to yield atomically flat, electronically unpinned {110} surfaces containing the [001] growth
direction and the cross section of the δ-doped layer. The XSTM image presented in Fig. 1
and the others shown in this paper have been acquired from a δ-doped Mn layer of 0.2
monolayers with W tips.
The densities of the features observed by XSTM near each Mn layer were approximately
proportional to the Mn coverage of the δ-doped layer in the range 0.01-0.2 monolayer. No
trace of contaminants was observed by in situ x-ray photoemission spectroscopy after the
transfer in the metallization, after the Mn deposition, and after the transfer in the growth
chamber. For these two reasons we attribute the features observed by XSTM to the Mn
atoms, and not to defects or contaminants caused by the growth interruption and transfers
between the chambers. The density of the defects caused by these steps should not depend
on the Mn coverage, contrary to what we observe. Moreover, a sample was grown with the
same procedure described above, including the transfers between the chambers, but without
the Mn deposition. The photoluminescence spectra of this sample are undistinguishable from
that of a good undoped GaAs epitaxial layer grown without transfers between the chambers.
4
This confirms that the transfers do not introduce an appreciable amount of defects.
III. THEORETICAL APPROACH
Our numerical approach is based on spin-resolved Density Functional Theory (DFT) using
the ab-initio pseudopotential plane-wave method PWscf code of the Quantum ESPRESSO
distribution.39 Cross-sectional surfaces are studied using supercells with slab geometries,
according to a scheme previously used,40 with 5 atomic layers and a vacuum region equivalent
to 8 atomic layers. Mn dopants are on one surface, whereas the other is passivated with
hydrogen. For a single Mn impurity we use a 4×4 in-plane periodicity corresponding to
distances between the Mn atom and its periodic images of 15.7 A˚ along the [11¯0] and 22.2
A˚ along [001]. No substantial changes in the XSTM images have been found using a 6×4
periodicity, which has been instead routinely used when considering interstitial complexes.
Other details on technicalities can be found in Ref. 41.
In our study, we have mainly focused on the Local Spin Density Approximation (LSDA)
for the exchange-correlation functional. An ultrasoft pseudopotential is used for Mn atom,
considering semicore 3p and 3s states kept in the valence shell while norm-conserving pseu-
dopotentials have been considered for Ga and As atoms. The 3d-Ga electrons are considered
as part of core states.42,43
Tests beyond LSDA (with Generalized Gradient Correction and LSDA+U methods) have
not shown any substantial difference in the features of the XSTM maps. As a further check,
we have also simulated ionized substitutional MnGa (with charge state equal to 1−) on
surface and in the first subsurface layer as well as ionized interstitial Mn (with charge state
equal to 2+) on surface layer. Neither the former nor the latter simulated XSTM maps show
significant differences with respect to the neutral cases. We address the reader to a future
pubblication for details.44
The XSTM images are simulated using the model of Tersoff-Hamann,45,46 where the
tunneling current is proportional to the Local Density of States (LDOS) at the position of
the tip, integrated in the energy range between the Fermi energy Ef and Ef + eVb, where
Vb is the bias applied to the sample with respect to the tip. The position of the Fermi level
is relevant for the XSTM images. In general, Ef strongly depends on the concentration of
dopants: this is contrivedly large in our simulations even in the case of a single Mn dopant
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per supercell. Therefore to overcome this problem we fix Ef according to the experimental
indications: in order to account for the p-doping in the real samples, we set Ef close to
the Valence Band Maximum (VBM). The VBM in the DOS of the Mn-doped GaAs can be
exactly identified by aligning the DOS projected onto surface atoms far from the impurity
with the one of the clean surface. In any case, the comparison between experiments and
simulations must be taken with some caution, due to the possible differences in the details
entering in the determination of the XSTM image, such as tip-surface separation, precise
value of the bias voltage and position of Ef , surface band gap.
47
IV. SURFACE MN INTERSTITIALS
We first focus on interstitial dopant configurations, IntAs and IntGa. Throughout this
work we have considered only tetrahedral interstitial position, since it is known from bulk
calculations that the total energy corresponding to the hexagonal interstitial site is higher
by more than 0.5 eV.11,48,49 The tetrahedral interstitial site in the ideal geometry has four
nearest-neighbor (NN) atoms at a distance equal to the ideal host bond length d1 and six
next-nearest-neighbor (NNN) atoms at the distance d2 =
2√
3
d1, which are As(Ga) atoms for
IntGa(As), respectively. At the ideal truncated (110) surface, the numbers of NNs and NNNs
reduce to three (2 surface atoms and 1 subsurface atom) and four (2 surface atoms and 2
subsurface atoms) instead of four and six respectively.
In the uppermost panels of Fig. 2 we show a ball and stick side and top view of the
relaxed IntAs and IntGa configurations. In the relaxed structure, due to symmetry breaking
because of the surface and the consequent buckling of the outermost surface layers, the NN
and NNN bond lengths are no longer equal. Furthermore, some relaxed NNs bond lengths
turn out to be longer than NNNs ones. In the following, we do not distinguish among NN
and NNN atoms: they are simply referred as neighbor surface or subsurface atoms, as shown
in the Figure.
The two relaxed configurations slightly differ in energy, by ∼ 130 meV/Mn atom, in
favour of IntGa. This is at variance with the bulk case studied in the literature, where it
has been found that IntAs is favoured: for neutral state, the energy difference is actually so
small (5 meV/Mn atom)48 that it is not meaningful, but it goes up to 350 meV in case of
interstitial Mn with 2+ charge state.11
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After optimization of the atomic positions, sizeable displacements from the ideal zinc
blende positions occur for the Mn impurities and their surface and subsurface neighbors;
small relaxations effects are still present in the third layer, in both configurations. In IntAs,
with respect to the ideal (110) surface plane, Mn relaxes outward by ∼ 0.06 A˚ and Assurf
(Assubsurf) move upwards (downwards). On the other hand, the Ga atoms (both on surface
and subsurface) are shifted towards the bulk. In IntGa, Mn relaxes inward by ∼ 0.32 A˚; the
Gasurf and Gasubsurf atoms are displaced downwards and the Assurf (Assubsurf) atom moves
upwards (downwards). The interatomic distances between Mn and the nearest atoms are in
general longer by more than 2-3 % than ideal values (details in Ref. 41).
The simulated XSTM images of IntAs (left) and IntGa (right) configurations at negative
and positive bias voltages (from − 2.0 V to +2.0 V) are shown in the lower panels of Fig. 2.
In IntAs, Mn appears as an additional bright spot at negative bias voltage (Vb=−1 V),
slightly elongated in the [001] direction and located near the center of the surface unit cell
identified by surface As atoms. The Assurf atoms close to Mn appear less bright than the
others. These features are similar changing Vb from −1 to −2 V.
In the empty states image at Vb=1 V Mn appears again as an elongated bright spot. The
underlying cation lattice is only barely visible at this bias voltage. The very bright XSTM
feature originates from the Mn d minority states and a strong peak of Gasurf majority
states.50 At Vb=2 V, this feature is still well visible, as well as another region brighter
than the underlying cationic sublattice in correspondence of Assurf atoms neighbor to Mn,
suggesting a contribution coming from the hybridization between Mn-d and Assurf -p states.
In IntGa configuration, at negative voltage, Mn appears as an almost circular bright spot
located in between two surface As atoms adjacent along the [001] direction. At positive bias
voltages, the two Gasurf atoms neighbor to Mn appear very bright with features extending
towards Mn in a “v”-shaped form and the atoms in the neighborhood also look brighter
than normal. These features remain visible by increasing the positive bias voltage up to 2
eV. Remarkably the empty states images of Mn are quite different for the two interstitial
configurations, making them clearly distinguishable by XSTM analysis. Some features in
the experimental XSTM images appear as bright spots both at positive and negative bias
voltages. These spots lie along the [001] Ga rows and between the [1-10] Ga columns at
positive bias voltage (see Fig. 1(b)). Their location with respect to the surface Ga lattice
and the comparison with the simulated images allow to identify them as IntAs Mn atoms.
7
The numerical simulation gives easily informations on the magnetic properties of the
system. The total and absolute magnetization, calculated from the spatial integration of
the difference and the absolute difference respectively between the majority and minority
electronic charge distribution, are different in the two configurations: 4.23 and 4.84 µB
for IntAs and 3.41 and 4.71 µB for IntGa respectively. These differences indicate in both
cases the presence of region of negative spin-density and a clear dependence of the induced
magnetization on the local Mn environment. The individual atomic magnetic moments
can be calculated as the difference between the majority and minority atomic-projected
charges. In IntAs, Mn magnetic moment is 3.96 µB, almost integer, corresponding to the
presence of a gap in the Mn-projected minority density of states. Mn magnetization is
slightly lower in IntGa (3.67 µB). In both cases they are significantly larger compared to
the bulk case, indicating a surface induced enhancement. The analysis of spin-polarization
induced by interstitial Mn on its nearest neighbors shows in both cases an antiferromagnetic
Mn–Ga coupling and a smaller ferromagnetic Mn–As coupling: more precisely, the magnetic
moments induced on surface Ga atoms neighbors to Mn are equal to −0.14 and −0.17 µB
in IntAs and IntGa respectively, whereas those induced on surface or subsurface As atoms
neighbors to Mn are positive and at most equal to 0.05 µB. We address the reader to Ref.
41
for further details.
In the experimental images of Mn δ-doped GaAs samples we often observe two spots
close one each other at a distance of about 8 A˚, as reported in Fig. 3 (larger panel). The
simulated image of two IntAs atoms separated by a clean surface unit cell along (110),
partially superimposed, reproduces the main features of this experimental image, and it is
basically a superposition of images of individual IntAs (elongated bright spot each one, with
major axis along the [001] direction, and a surrounding darker region).
V. SUBSTITUTIONAL MN DEFECTS IN THE FIRST SUBSURFACE LAYER
Another typical feature present in the experimental XSTM maps is a bright spot visible
at positive bias voltages with two satellite features forming a triangular structure, as shown
in Fig. 1(a) (feature B) and in Fig. 4 in the lower panels. This feature seems similar to
that caused by the arsenic antisite defect (As on Ga) in GaAs.51,52 However in the arsenic
antisite defects the satellites are visible only at negative sample bias, while the defect that we
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observe in the Mn layers shows satellite only in the positive bias images. On the other hand
there is a clear resemblance of the defect B (Fig. 1(a) and Fig. 4) with the simulated image
of a substitutional MnGa atom in the first subsurface layer shown in the panels partially
superimposed to the experimental images. It can be seen at Vb < 0 a deformation of the
surface As rows in correspondence of the Mn impurity below, and, even more remarkably,
the peculiar satellite bright features on two neighboring surface As stoms at Vb > 0 giving
rise to a triangular-shaped image. Therefore we attribute the defect B to substitutional Mn
Ga atoms in the first subsurface layer.
Finally, we discuss our findings in comparison with some relevant results present in the
literature. The comparison of our simulations with those of Sullivan et al.33 is possible only
for the isolated MnGa in the first subsurface layer at negative bias voltage: in such a case
the simulated images show similar features. The corresponding image at positive bias is not
reported and other configurations are not comparable.
The XSTM imaging of substitutional Mn is reported with more details by Mikkelsen et
al.,31,32 where both the simulated maps for surface and subsurface MnGa and the experimental
ones attributed to this impurity configuration are shown at negative and positive bias, thus
allowing for a more complete comparison. The images for MnGa in the first subsurface layer
have a good resemblance with ours, a part from the satellite features that we have identified
at positive bias on neighbor As atoms which are not present in their images, neither in
the simulated nor in the experimental one. More precisely, we notice that their simulated
surface area is too small to make such satellite features visible. The simulated images for
surface MnGa are also similar to ours and, like ours, not corresponding to any experimental
feature.44 This leads to the conclusion that the presence of substitutional Mn in the first
layer of the exposed surface is very unlikely.
Mikkelsen et al. reported also the simulation of surface interstitial Mn in their Fig.
3(d),32 that according to our understanding on the basis of the symmetry planes should
correspond to IntGa, although not explicitely indicated. Their images are similar to ours for
the same configuration. They rule out the presence of interstitials since these images are
not compatible with experiments, at variance with our findings concerning IntAs. It should
be noted however that we observe the IntAs features in the experimental samples only in the
first few hours after the sample cleavage. They disappear for longer times, probably because
of surface contamination or diffusion.
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Kitchen et al.36,37 report experimental images for Mn adatoms at the GaAs (110) surface
with highly anisotropic extended star-like feature, attributed to a single surface Mn acceptor.
Interestingly, these images are compatible with our simulated surface MnGa, not show here.
44
A resemblance with our empty state image for IntAs (see Fig. 2 at Vb=+2 V) is instead only
apparent because the mirror symmetry plane is different.
An anisotropic, crosslike feature in XSTM image is reported also Yakunin et al.34 and,
from comparison with an envelope-function, effective mass model and a tight-binding model,
it is attributed to a hole bound to an individual Mn acceptor lying well below the surface.
We observe similar feature of different sizes (see Fig. 1), the smallest of them are those
reported in Fig. 4, that we identify as MnGa in the first subsurface layer.
A part from different details, our simulated images for surface and subsurface MnGa
are compatible with such crosslike features, although experimental and simulated images
reported therein concern substitutional impurities located more deeply subsurface than those
we have considered. Crosslike features are observed even at very short Mn-Mn spatial
separations.35
VI. CONCLUSIONS
We have reported a combined experimental and first-principles numerical study of XSTM
images of the (110) cross-sectional surfaces of Mn δ-doped GaAs samples. We suggest
an identification of three typical configurations observed in the experimental sample on
the basis of a comparison of numerical prediction and observed images both at negative
and positive applied bias. (i) Some structures observed can be identified as surface Mn
interstitial with As nearest neighbors, on the basis of their position with respect to the
surface lattice and the comparison with the simulated images. At variance, there is no
evidence in the experimental samples of Mn interstitial with Ga nearest neighbors, whose
XSTM imaging according to our numerical simulations would correspond to very different
features. (ii) Besides isolated configurations, also pairs of Mn interstitials with As nearest
neighbors are clearly observed and identified. (iii) Subsurface substitutional MnGa atoms in
the first subsurface layer can also be unambigously identified in the experimental images by
a main bright spot corresponding to the dopant and from peculiar satellite features on two
neighboring As atoms which are clearly observed in the experimental images and predicted
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by simulations.
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FIG. 1: (a) Experimental (110) XSTM image of a 0.2 monolayer Mn δ-doped layer in GaAs at a
sample bias voltage of 1.7 eV. This image has not been corrected for the drift of the sample. (b)
XSTM image of a Mn related structure at the bias voltage of −1.4 eV (left) and +1.9 eV (right).
The white lines show the [001] Ga atomic rows.
FIG. 2: Isolated Mn interstitial dopants on GaAs(110) surface, with As nearest neighbors (IntAs,
left) and Ga nearest neighbors (IntGa, right). Upper panels: ball-and-stick model of the relaxed
surface, top and side view. Only the three topmost layers are shown in the side view. Black spheres
are Mn, white spheres are As, grey spheres are Ga. Lower panels: simulated XSTM images at
occupied states and empty states respectively, for different bias voltages.
FIG. 3: Smaller superimposed panel: simulated XSTM image of a pair of IntAs on GaAs(110)
surface with a relative distance of ∼ 8 A˚ along the [11¯0] direction at a bias voltage Vb=−2 V. The
larger panel shows an experimental image compatible with the simulation.
FIG. 4: Upper smaller superimposed panels simulated XSTM image of a subsurface MnGa on
GaAs(110) at negative (left) and positive (right) bias voltages. The lower panels show correspond-
ing experimental images of the structure B (see Fig. 1(a)) taken at sample bias voltages of −1.4
V (left) and +1.8 V (right) that are compatible with the simulations, performed with voltages of
−1 V and +1 V.
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